divisions within the stage and merely indicates a progressivc Maastrichtian decline correlative with sea-level fall. Kauffman's curve (Fig. 2B ), though only a qualitative estimate, is more precise stratigraphically and is based on changes in sedimentary successions as well as areal changes; it indicates a late Maastrichtian sea-level rise followed by a fall to the end of the stage, after a mid-Maastrichtian fall. The revised curve of the Vail group (Fig. 2C) , based on seismic stratigraphy, offers even more stratigraphic precision. As with the Kauffiman curve, a mid-Maastrichtian fall is followed by an early late Maastnchtian rise, after which there is a rapid and pronounced fall immediately before the end of the stage. Thereafter there is an equally rapid rise, which more (1) has led to stimulating debate over the nature of their underlying atomic structure. The electron diffraction patterns of these alloys display sharp peaks, which indicates that the 1242 atoms are arranged in a highly ordered lattice, as in crystals; however, the patterns have an icosahedral symmetry that is impossible for periodic crystals (Fig. 1) . The icosahedron (Fig. 2) includes fivefold symmetry axes that cannot be incorporated into any periodic, crystalline lattice according to established theorems of crystallography.
The challenge is to find a model for the atomic structure of the alloys that can explain the surprising diffraction pattern as shown in Fig. 1 . Perhaps the most radical suggestion has been that the icosahedral solids are examples of "quasiciystals," a hypothetical phase of solid matter with long-range quasiperiodic positional ordering of the atoms in an arrangement with disallowed crystallographic rotational symmety (2, 3) . A second proposal, the "icosahedral glass model," assumes that the atoms are frozen in a dense but random arrangement (that is, there is no long-range positional ordering of the atoms) with the constraint that the bonds between neighboring atoms or atomic clusters be oriented along icosahedral symmetry axes (4, 5) . A third approach uses conventional (periodic) crystalline atomic structures. Although icosahedral symmetry is impossible for a single crystal, many small crystallites may be packed together into an icosahedrally symmetric arrangement, as occurs m "multiple twinning models" (6 (7) .
In this article, the various models and the critical observations that distinguish among them are described. The article is intended to be a brief summary; a more thorough discussion and set of technical references is given in (8) and (9) . rotational symmetry, the special set of discrete rotations of the structure that leave the orientations of the unit cells unchanged. According to rigorous theorems ofcrystallography, periodic positional order is compatible with only twofold, threefold, fourfold, or sixfold axes of rotational symmetry. Icosahedral symmetry is strictly forbidden, since the icosahedron has (six) fivefold symmetry axes. The multiple twinning (6) and large unit cell models are both models composed of crystalline constituents with long-range periodic positional order and some allowed crystal orientational symmetry.
Quasicrystals (2, 3, 8) , like crystals, exhibit long-range positional and orientational order. However, quasicrystals require at least two types of unit cell, and the positional order is quasiperiodic rather than periodic. Quasiperiodic order means that the unit cell positions can be expressed as a sum ofperiodic functions in which some ofthe periods are relatively irrational, or incommensurate. An example ofa quasicrystal pattern is the Penrose tiling (10), shown in Fig. 3A , in which two different unit cells, the acute and obtuse rhombuses, repeat in quasiperiodic sequences along each symmetry direction.
Since quasicrystals are not periodic, their orientational symmetry is not restricted by the usual theorems ofcrystallography. Quasicrystals can be constructed for any disallowed crystal symmetry (8) . The Penrose tiling is an example with fivefold orientational symmetry; a completely analogous three-dimensional construction exists for icosahedral symmetry in which oblate and prolate rhombohedra play the same role as the rhombuses do for the Penrose tiling (2, 8) . Thus, the quasicrystal model predicts long-range quasiperiodic translational order and crystallographically disallowed icosahedral orientational order.
An icosahedral glass (4, 5, 11) exhibits long-range icosahedral orientational order, but it does not exhibit long-range positional order. As originally conceived, an icosahedral glass begins with one unit cell that consists of an icosahedral atomic cluster and then grows from this seed by the random packing of additional icosahedral unit cells face-to-face (or in some cases vertex-to-vertex) in such a way that all of the icosahedra have the same orientation. Although long-range icosahedral orientational order is guaranteed by these rules, the randomness of the packing ensures that there is no longrange positional order. An attractive feature ofthe model is that the growth of such a structure can be accounted for by a simple microscopic picture-the random accretion of icosahedral atomic clusters. In contrast, the quasicrystal model requires more complex atomic interactions to explain the long-range positional ordering.
Diffraction experiments provide quantitative tests of positional and orientational order that can be used to distinguish among the competing models. The critical tests are detailed studies of the relative positions, the widths, and the shapes ofthe diffraction peaks. If a beam of electrons, neutrons, or x-rays is scattered from an A The Central Issue: Long-Range Order
The competing models differ in their predictions of long-range order in the atomic arrangement. Small, well-defined clusters of atoms that repeat throughout the structure exist for each model. The atomic arrangement can be constructed by closely packing these basic structural units (unit cells) in a manner similar to that in which tiles pack to form a mosaic. The long-range order is determined by the arrangement of unit cells in the structure.
In a crystal, all of the unit cells are identical and pack to form a structure with long-range periodic positional order (unit cells are equally spaced along each symmetry direction) and long-range orientational order (unit cells have identical orientations throughout the structure). The orientational order can be characterized by a 27 ordered solid, there are sharp peaks in the scattering intensity as a function of the momentum transferred to the beam. Each diffraction peak can be characterized by a reciprocal vector qi which measures the momentum transfer. The vectors {q,} form a "reciprocal lattice" that has the same orientational symmetry as the atomic structure. Peak positions can be used to determine whether the orientational order is icosahedral or of some allowed crystal rotational symmetry. The diffraction peaks also give information about positional order. If the solid is perfectly ordered, the peaks are perfectly sharp (Bragg diffraction); but, if the solid is somewhat positionally disordered, the peaks will be broadened. In the latter case, the peak shapes and widths can be used to determine the nature of the positional disorder.
The Case Against Conventional Crystallography
Multiple twinning, in which several (periodic) crystallites (called twins) are arranged to form an icosahedral cluster, was the first model considered to explain the icosahedral alloys (1). An icosahedrally symmetric reciprocal lattice of diffraction peaks can result by summing the diffraction peaks from each crystallite. Multiple twinning, which involves only conventional (periodic) crystals, is a logical explanation since it is a common, low-energy configuration for crystal growth and since multiple-twinned icosahedral particles have been observed in other materials.
There are so many possible multiple twinning models (for example, those with different crystallite atomic arrangements and symmetries) that an exhaustive computation of the reciprocal lattices and comparison with experiment would not be practical. However, a number of generic tests have been performed that fail to find any direct sign of multiple twinning:
1) High-resolution (atomic-scale) lattice imaging, dark-field imaging, field ion microscopy, and Mossbauer spectroscopy showed no sign of individual crystallites (1, 12, 13) .
2) Convergent electron beams focused to 15 A in cross section (through a thickness 100 A) revealed no deviation from icosahedral symmetry as the beam scanned thin samples (1, 13) . If the sample had contained small crystallites, a convergent beam focusing on just one would have produced a different reciprocal lattice with an allowed crystal symmetry.
3) Diffraction pattems have not shown the streaking characteristic of multiple twinning. Streaks typically appeared in place of sharp peaks because of the slight distortion required to combine crystallites into a cluster with disallowed crystallographic symmetry. (The observed peaks were not perfectly sharp, as described below, but the small distortions in their shapes are quite different from streaking.) 4) X-ray diffraction experiments proved that multiple scattering does not account for the bright diffraction peaks observed in electron diffraction (14) . In most multiple twinning models of the icosahedral alloys, only a fraction of the bright electron diffraction peaks can be explained by summing the scatterings from each crvstallite. Some relatively bright peaks are assumed to occur through multiple scattering; that is, additional peaks can result when electrons scatter several times from different crystallites as they pass through the sample. A method to test for multiple scattering is x-ray scattering. Since x-rays scatter much more weakly than electrons, multiple scattering is diminished and, in fact, is generally not observed in scattering from powders containing many grains. Any peaks added by electron multiple scattering should not be found with x-rays. However, several independent powder x-ray experiments have verified that the bright electron diffraction peaks are also observed in x-ray diffraction.
Recently, Pauling (6) 
listed above. In particular, Pauling has pointed out specific bright peaks observed in the electron diffraction patterns that are predicted to be a result ofmultiple scattering in his model. Yet, these peaks have been clearly observed in several independent powder xray experiments. Furthermore, the peak positions computed for the proposed models disagree by as much as 10 standard deviations compared with high-resolution x-ray (synchrotron) measurements (15) . (Pauling's claim that his model agrees with the observed positions is based on comparison with cruder measurements from electron diffraction photographs.) As a result, the specific models proposed thus far by Pauling have been ruled out.
All of the tests listed above are sensitive enough to rule out multiple twinning provided that the unit cells are comparable in size to those observed in typical metal alloys (<30 A across). Models in which the unit cell exceeds -30 A can be regarded as "large unit cell models." Such models can only be consistent with the convergent beam experiments [which focus down to a volume -(30 A)3] if the atomic clusters in the unit cells themselves accurately approximate icosahedral symmetry. In that case multiple twinning becomes an inessential component. By choosing sufficiently large atomic clusters and unit cells, one can always obtain a crystal reciprocal lattice that approximates the observed peak positions to within experimental resolution. If the structure is a single crystal with large unit cells, high-resolution x-ray measurements of peak positions imply that the unit cells must be at least 60 A across to account for x-ray observations (15) . Such a unit cell would contain a cluster of more than 15,000 atoms, which vastly exceeds the previous record for similar metallic alloys (z 1000 atoms). Although such a model is a logical possibility, it is generally regarded as quite artificial and, more importantly, lacking in predictive power: the model neither provides a reason why such unusual crystals should form nor does it lead to a prediction of their physical properties.
Quasicrystals Versus Icosahedral Glasses
The distinction between the quasicrystal and icosahedral glass models appears to be quite clear at first glance. An ideal quasicrystal exhibits long-range positional order and hence has a reciprocal lattice of perfectly sharp (Bragg) diffraction peaks. An icosahedral glass is positionally disordered as a result of the random packing of unit cells and has a reciprocal lattice of broadened peaks. However, quasicrystals grown in the laboratory are not really expected to have perfectly sharp peaks. Microscopic stresses present during solidification will produce small, random distortions (strains) that will disorder the structure and broaden the peaks (8, 16) .
Theoretical research on the elastic properties of quasicrystals (17) suggests that two types of low-energy strain result when a stress is exerted on an ideal quasicrystal: (i) phonon strain, a distortion ofthe structure obtained by distorting the shapes of the individual unit cells; and (ii) phason strain, a distortion of the structure obtained by rearranging the unit cells (without changing their shape) into a configuration that is disallowed in the ideal (unstrained) configuration (Fig. 3, A and B) . Once the solid has grown to macroscopic size and the stresses are removed, phonon strains relax quickly through lattice excitations (phonons) that travel at the speed ofsound in the medium. However, phason strains relax by a very slow process [ > 1 day (17) ] in which local atom diffusion rearranges the unit cells back to the ideal (ground-state) configuration. Consequently, "stressinduced phason strains," strains produced by incidental stresses incurred during the growth of a grain, are predicted to be the dominant source of positional disorder in quasicrystals.
Formally, the positional disorder in icosahedral glasses introduced by the random packing of rigid unit cells can be viewed as an extreme form of phason strain (Fig. 3C) (11, 18) . Compared to an ideal quasicrystal configuration of unit cells, random packing produces roughly one rearrangement per unit cell. Although the two models are actually quite different in character, the fact that both the quasicrystal and icosahedral glass models can lead to the prediction of phason strains suggests that their experimentally distinguishable traits are rather subtle. In fact, by enlarging the size of the unit cell or by adding more packing constraints, one can produce a spectrum of icosahedral glass models with reduced phason strains and sharper diffraction peaks until, ultimately, an ideal quasicrystal is obtained. Furthermore, one can imagine an icosahedral glass that grows with stress-induced phason strains superimposed on the phason strains from the random packing.
The key difference is that the icosahedral glass model leads to a prediction of a component of the phason strain that results from random packing, whereas the quasicrystal model leads a prediction of only incidental stress-induced phason strains. Most importantly, the two forms of phason strain have distinct experimental signatures. First, stress-induced phason strains differ from grain to grain because of varying local stresses during grain growth, whereas the disorder resulting from random packing is "universal," completely determined by the unit cells and packing rules. Second, elasticity theory for quasicrystals suggests that the typical, slowly relaxing phason strains are anisotropic, smoothly varying strains, that include components that grow linearly with distance in some direction (8, 16) . In contrast, random packing in icosahedral glasses preserves icosahedral symmetry on average and induces strains that vary with distance so sharply that the structure "rips": the unit cells are torn apart so as to produce gaps (occupying up to 55% ofthe volume) in which no other unit cells can fit (5, 11) . An underlying assumption is that a mechanism exists for the filling in of the gaps (for example, with amorphous material) simultaneous with the aggregation of icosahedral unit cells. Finally, the diffraction peak shifts, widths, and shapes that result from the two types of phason strain are distinguishable. Each peak in the reciprocal lattice can be characterized by two vectors: the usual reciprocal vector, qi, and a "phason" reciprocal vector, qi' (Fig. 2) . Stress-induced strains produce peak widths that increase linearly with IqilI, peak shifts away from the ideal position, qi, that increase linearly with Iqi'l, and asymmetric peak shapes (16) . The phason strains from random packing in all icosahedral glass models devised thus far produce peak widths that grow quadratically (or, in some cases, more steeply) with Iqill (5, 11, 18) ; no systematic peak shifts or asymmetries are expected unless incidental, stress-induced phason strains are superimposed.
Experimental Results Support the Quasicrystal Model
Although a large number of different icosahedral alloys have been discovered (8, 9) , until recently, systematic studies of the positional disorder from phason strains have been hampered. The problem has been that the icosahedral alloys that were discovered first were less stable than crystalline phases and could only be grown by nonequilibrium methods that led to poor sample quality and small grain sizes (<50 ,um across).
Despite these difficulties, several important observations were made. Peak shifts proportional to Iqj' and anisotropic peak shapes were studied with single-grain electron diffraction and observed to be in accordance with the anisotropic, stress-induced phason strains predicted by the quasicrystal model (16, 19) . High-resolution (atomic-scale) lattice images obtained by optical Fourier transform of the electron diffraction pattern displayed the characteristic structural distortions expected from gradual, anisotropic phason strains but did not show the inhomogeneity and "rips" predicted by the simplest icosahedral glass models (20) . X-ray measurements on powders containing many randomly oriented grains of the alloy showed that the peak widths grow monotonically with Iqi'l (18) .
These results are completely consistent with the quasicrystal model with stress-induced, anisotropic phason strains. However, with the exception ofthe lattice images, the results are also consistent with an icosahedral glass with anisotropic phason strains superimposed on the strains from random packing. A tremendous breakthrough occurred when two new, icosahedral alloys, A16Li3CU (21, 22) and, more recently, GaMg2.,Zn3.0 (23),
were discovered. Both appear to display the same long-range order and, in the case of A16Li3CU, similar elemental constituents and a similar atomic structure compared to icosahedral alloys discovered previously. However, A16Li3Cu and GaMg2. IZn3.0 can be grown by conventional, slow-casting (equilibrium) methods that are used to grow crystals. In fact, A16Li3Cu and GaMg2.lZn3.o appear to be stable (that is, they do not crystallize even when the temperature is raised to near the melting point). This observation already gives indirect support for the quasicrystal model. The quasicrystal phase is expected to be a metastable or stable equilibrium phase, like the crvstal phase. In contrast, the icosahedral glass is a phase that is far from equilibrium and that is obtained by rapid aggregation of atoms, similar to ordinary glasses. Such structures are generally unstable and transform irreversibly to other, more ordered states at elevated temperatures (below the melting point).
By carefilJly controlling the solidification, large single grains of AI6Li3CU (some greater than 2 cm across) have been grown that can be isolated and individually studied with high-resolution x-ray diffraction (24, 25) . Finite peak widths were found to be roughly comparable in magnitude to those observed in very rapidly quenched alloys. To some researchers, this suggests that the structural disorder in icosahedral alloys occurs by some "universal" mechanism, one that follows the random packing rules of the icosahedral glass model since disorder remains even with a much slower cooling rate. However, although the solidification rate is slow compared to the rates of methods used to form the original icosahedral alloys, it is not slow enough to remove the disorder induced during the grain growth process. In fact, periodic crystals grown by the same slow methods have been observed to have finite peak widths of nearly the same magnitude (26) , despite the fact that the disorder relaxation processes in periodic crystals are faster than half-width at half-maxi- (25) , as the quasicrystal model suggests (16) . Even if stress-induced phason strains are superimposed on the strains resulting from random packing, peak widths are expected to increase quadratically with Iqi'l for large Iqi'I in the icosahedral glass model (5, 18, 11) . Second, the ratio of the peak width to Iqi'l varies from sample to sample (25) , which
indicates that the disorder is a consequence of incidental stresses during sample growth. Third, the peak shapes are asymmetric and vary in a systematic way with Iqil and Iqi'I (25 Al6Li3CU form a rhombic triacontahedron (22, 24, 25) , and the facets in GaMg2.IZn3.0 form a pentagonal dodecahedron (Fig. 5) (23), both corresponding to polyhedra with icosahedral symmetry. The facets represent striking evidence ofboth icosahedral symmetry, including fivefold symmetry axes and long-range positional order. Roughly speaking, facets grow outward by accreting atoms layer by layer; in order to do so, the atoms on one side of a facet must be "aligned" or ordered with respect to atoms on the other side. Faceting is predicted by the quasicrystal model (28) , but faceting is very difficult to explain if the structure is truly positionally disordered, as occurs in random packing models. From these observations, one must conclude that the evidence for the random packing predicted by the icosahedral glass model has not 1246 been observed in the icosahedral alloys. Nevertheless, the icosahedral glass and the quasicrystal are closely related structurally, and the icosahedral glass model may provide important insights into how quasicrystals grow. The model emphasizes the importance of icosahedral clusters, and evidence for such clusters in both icosahedral and crystalline phases has been observed (9) . Furthermore, Elser (11) has recently shown that, by choosing packing rules so that only special unit cell clusters are energetically preferred and by allowing considerable thermal relaxation (rearrangement) of the unit cells as they are packed together layer by layer, a quasicrystalline structure can result. Apparently the packing energy and the entropy of rearrangement combine to smooth out the phason strains and to produce a structure with sharp (Bragg) diffraction peaks.
Conclusions
Experimental evidence has been obtained that is fully consistent with the quasicrystal theory of the icosahedral alloys in which some strain or defects or both have been frozen into the structure during solidification. Strains and defects are necessary to explain subtle deviations between the observed diffraction patterns of the icosahedral alloys and the diffraction patterns computed from ideal, icosahedral quasicrystals. Coincidentally, strong theoretical arguments have been developed that state that a particular type of strain, phason strain, relaxes very slowly in quasicrystals, and hence should be the dominant type of defect quenched during the growth of quasicrystalline solids. The strains and defects observed in the icosahedral alloys display the experimental signature of phason strain predicted by the theory.
In contrast, the experimental data are inconsistent with the straightforward versions of the multiple twinning and icosahedral glass models. No explicit model of either the multiple twinning or the icosahedral glass model exists that is consistent with all experimental data. One can imagine variations or elaborations of these two models or the large unit cell model that will lead to closer agreement with experiment (for example, the further increase in size of the unit cell or the addition ofyet more packing constraints). However, with this approach, such models become increasingly artificial or, in some cases, indistinguishable from the quasicrystal model and thus lose their distinctive predictive value (7) .
Although the nature of long-range order is the fundamental issue addressed in this article, its resolution is only one ofmany challenges in the field. The quasicrystal model predicts the long-range atomic order in the icosahedral alloys, but the detailed locations of the atoms in the structure need to be determined (9) . The ultimnate challenge, however, and the focus of present research in the field is to determine the structural, thermal, and electronic properties that characterize the new phase of matter (8 (4, 5) . Heat shock activator protein can be extracted from nuclei of heat shock-
